ABSTRACT: The reaction of the silver salt Ag[Al{OC(CF 3 ) 3 } 4 ] (1) with the P 2 ligand complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2) and the organic ditopic linker trans-1,2-di(pyridine-4-yl)ethene (dpe) results in the formation of four novel organometallic−organic hybrid compounds.
■ INTRODUCTION
Since metal−organic frameworks (MOF) were discovered by 1 the rapid growth of interest in the area has followed.
2 According to the criteria of Yaghi's MOF definition, purely inorganic polyatomic moieties are connected by organic linker molecules to form neutral three-dimensional porous networks with a predefined size and volume of the pores. A main difference in comparison to the classical coordination polymers (CPs), besides the wider range of dimensionality [CPs, one-dimensional (1D) to three-dimensional (3D)] and the fact that coordination complexes serve as the nodes (CPs comprising usually single metal ions), 3 is the presence of relatively strong bonds within the metal−organic frameworks. 4 The great potential of this class of metal−organic material is viewed by its use, e.g., for gas storage and separation or in catalysis.
2, 5 The rational approach that Yaghi et al. invented for the description of the building process of MOFs is reticular chemistry.
4b, 6 Predesigned secondary building units (SBUs) are combined to give defined porous networks. The metalcontaining SBUs act therein as connectors (also called "joints" or "nodes") that are associated by the organic linkers acting as "struts" or "spacers".
2a,4−7 In contrast to the variety of known metal−organic materials, only a few organometallic−organic hybrid compounds are described in the literature. F. E. Hahn et al. succeeded, e.g., in the synthesis of molecular rectangles by using N-heterocyclic carbenes constructing the nodes. 8 The group of K. Severin deals with the construction of metallamacrocyclic compounds, using organometallic half-sandwich complexes of Ru II , Rh III , and Ir III in combination with organic linkers. 9 A potential use of these metallamacrocyclic compounds is the detection of small molecules. The organometallic−organic hybrid compounds mentioned above represent nonpolymeric aggregates: to the best of our knowledge, no polymeric networks of this type are known besides two examples of 1D and two-dimensional (2D) organometallic− organic hybrid polymers recently reported by our group. 10 By using Ag I and Cu I salts in combination with the P 2 ligand complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] and an organic spacer, coordination polymers are designed. Here lies the special value of the new approach in this field. Because of the arrangement of the linkers, P n ligand complexes, and metal cations, a large variety of the resulting polymers can be expected. In particular, various mono-and polynuclear nodes (Scheme 1) can be proposed, whereas so far, only dinuclear nodes A and B have been used. 10, 11 The silver derivative contains nodes of type A, resulting in a chainlike 1D polymer, whereas the obtained 2D copper-based polymer reveals a layered structure constructed from building block B (Scheme 1). The nodes in Scheme 1 differ either by stoichiometry or by their coordination abilities and can offer a variable number of potential coordination sites from three (type D) to eight (types I and J). Hence, a wide variety of the topologies and different coordination patterns for coordination polymers based on M 2 P 2 complex 2 are available. Just as versatile as the architectures of the polymers is the potential usage of the obtained materials. The hybrid polymers can offer interesting mechanical, electronic, or optical properties depending on the nature of the used building blocks. Establishing organometallic−organic hybrid compounds as a complement to metal−organic analogues might open up new perspectives in organometallic chemistry such as used in gas storage, catalysis, or molecular recognition as the new materials may offer different and synergetic features because of the incorporation of the organometallic building blocks.
Herein, we present the first synthesis and structural characterization of four novel types of polymeric organometallic−organic hybrid aggregates obtained from the silver(I) salt Ag[Al{OC(CF 3 ) 3 } 4 ] (1, Ag[X]) and the organometallic P 2 ligand complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2) in combination with the organic bipyridyl linkers trans-1,2-di(pyridine-4-yl)ethene (dpe). They represent three hitherto unknown types of two-dimensional networks, in which polymer 4 shows a unique and, for organometallic−organic frameworks, unprecedented interpenetration of layers in the solid state structure. In addition, we describe the first 3D organometallic− organic hybrid polymer (5b). Three more hypothetical organometallic building blocks given in Scheme 1 (see encircled letters) were realized by the novel frameworks of 3, 4, and 5a,b. dimensional o rganometallic − o r g a n i c fr a me w or k , [{Cp 2 Mo 2 (CO) 4 (μ 4 ,η 1:1:2:2 -P 2 )}(μ,η 1:1 -C 12 H 10 N 2 )Ag] n [X] n · 0.3nCH 2 Cl 2 (5b) (Scheme 2).
■ RESULTS AND DISCUSSION
Compounds 3, 4, and 5a,b have been characterized by singlecrystal X-ray structural analysis (for details, see Table S1 of the Supporting Information). In all crystal structures of the polymers, the nodes are based on Ag I ions and the P n ligand complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2), which are cross-linked by the dpe spacers.
A detailed overview of the nodes found in 3, 4, and 5a,b as well as the resulting connectivity of a coordination polymers is given in Table 1 .
So far, only type A and B nodes (Scheme 1) were reported to build coordination polymers from P n ligand complexes and metal(I) salts. 10 The similar nodes of B, now based on Ag instead of Cu (Scheme 1), are found in the new 2D network 3. The connectivity in the building blocks is identical to that of the known copper(I) polymer 10 and the new silver(I) network 3. Building block B consists of two silver cations bridged by two units of P n ligand complex 2 to form six-membered Ag 2 P 4 moieties (Scheme 1, B). This is the common heterometallic subunit in coordination compounds of the diphosphorus complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2), which thereby acts as bridging unit. 10, 11 In combination with monovalent group 11 cations, together with salts of noncoordinating anions, the dimers of the general composition [M 2 ({Cp 2 Mo 2 (CO) 4 (μ,η 11a If copper(I) halides are used, 1D polymeric chains are built up. 11b The Ag 2 P 4 six-membered ring motif is also present in the recently reported discrete and 1D polymeric hybrid compounds 10 with nodes of type A (Scheme 1). In 3, each silver cation of the node has two more free coordination sites accessible for the organic linkers. The number of available coordination sites provided by these nodes is in total four, and their mutual arrangement (or, in other words, the coordination figure  7b ) is a flat square with a shoulder size 12 of 16.5 Å × 15.9 Å (Table 1 ). In contrast, in 4, the node represents a mononuclear Ag I complex only and is the smallest one in the row [type D (Scheme 1)]. The silver cation is η 2 side-on coordinated by P 2 ligand complex 2, which serves as a blocking group. Three vacant positions at the silver ion are available for further coordination to the spacers. The resulting coordination mode is rather unusual, being a trigonal pyramid with a silver cation coordinating the [Cp 2 Mo 2 (CO) 4 (P 2 )] (2) moiety at the top while the shoulder size is 17.8 Å × 18.6 Å (Table 1) . At the same time, it provides higher connectivity for the net because of the small size and a greater number of free coordination sites per silver atom.
The node in polymer 5a is a binuclear [Ag 2 (η 1:1 -2)] unit [type C (Scheme 1)]. Compared to the Ag 2 P 4 six-membered ring motif in node A or B (Scheme 1), one bridging P n ligand complex 2 is missing in this node C. Therefore, each Ag I bears three coordination sites available for the linkers, and the coordination capability of the entire building block is six. The coordination figure of this building block is disphenoid with a shoulder size of 17.4 Å × 18.5 Å (Table 1) .
Finally, polymer 5b possesses the largest known tetranuclear joint [type I (Scheme 1)] whose structure is based on the Ag 2 P 4 moiety that is similar to node B. In addition, each of the two silver cations in the six-membered ring is bridged by another [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2) complex with one more silver cation. In total, this node comprises four silver cations and four bridging complexes of 2. The cations in the sixmembered ring have only one free coordination site left for the organic connectors, while the terminal silver atoms still feature three positions available for the linker molecules. In total, the coordination capabilities of the node reach eight spacers and its coordination figure is distorted octahedral with a 19.0 Å × 20.4 Å shoulder size (Table 1) .
In all polymers 3, 4, and 5a,b, the silver cations are fourcoordinate (Table 1) . Whereas in 3 and 5a,b the Ag I ions are in a distorted tetrahedral environment, in polymer 4 a pseudotetrahedral coordination geometry is realized. Table 2 shows the comparison of some characteristic bond lengths in the nodes forming the networks of polymers 3, 4, and 5a,b. Because of the similarity of the nodes and the resulting coordination figures, neutral network 3 (Figure 1) . In 3, each silver cation in the organometallic fragments is coordinated by two dpe molecules. Therefore, the resulting framework is 2D polymeric, and the topology of the single layer is the Shubnikov tetragonal plane net (sql) (see Table 1 and the Supporting Information); the rhombic meshes show an average size of 12.7 Å × 23.7 Å, 14 while the interlayer distance is ∼13.5 Å.
15
The structure of polymer 4 contrasts markedly with those observed previously for organometallic−organic hybrid materials. The 2D network 4 of puckered hexagons (Figure 2) with Shubnikov hexagonal plane net topology is similar to the puckered sheets in the structure of black phosphorus.
17
In 4, for the first time, the well-known six-membered Ag 2 P 4 structural motif is missing and the smaller node, [Ag(η 2:2 -2)], is realized instead. Another unique structural feature of polymer 4 is the presence of mechanically independent interlaced layers in the solid state (Figure 3 ). This phenomenon is called interpenetration and is well-known in the context of MOFs. Interpenetration is defined as the absence of direct connections between sheets, strands, etc., but the separation of the resulting network is not possible without breaking bonds.
18
With polymer 4, the first interpenetrated organometallic− organic framework is obtained. Two adjacent layers are interwoven because the long linkers leave enough space in one layer (Figure 3) for the other layer to intergrow. Network 4 can therefore be classified as 2D → 2D parallel interpenetrated 18a in which the single layers form a two-dimensional framework (Figure 3) . The diagonal distances in the meshes of the single layers are ∼22.4 Å, 20 while the distances between the interpenetrated sheets and between the pairs of layers are approximately 9.4 and 16.5 Å, 15 respectively. The counteranions in 4 lie both in the hollows built up from two interwoven layers and between two neighboring interpenetrated pairs of layers. In the Ag 2 P 2 moiety.
e The maximal distance within the node (Ag1···Ag4). The molecular structure of 5a is depicted in Figure 4 ; that of 5b is shown in Figure 5 .
The 2D hybrid polymer 5a consists of four-connected layers similar to 3, but in 5a, the layers are staggered. Thus, two kinds of meshes of different size arise: the smaller ones including the P 2 ligand complex 2 reveal dimensions of ∼11.4 Å × ∼13.5 Å, whereas the larger ones build up with four molecules of dpe and show a size of approximately 18.1 Å × 16.8 Å. 21 The interlayer distances are ∼11.3 Å. 15 The 2D polymeric network in 5a has sql 4b topology (Table 1) as in compound 3.
The main difference between 4 and 5a is that in the former complex 2 coordinates side-on while in the latter 2 acts as a bridging unit. However, in both polymers, each silver cation is further linked by three dpe ligands. Each Ag I shows a distorted tetrahedral coordination environment of three nitrogen atoms and one phosphorus atom.
The novel polymer 5b is the first example of a 3D polymeric organometallic−organic hybrid compound. Another unique feature of polymer 5b in contrast to 3, 4, and 5a is the presence of two types of silver cations. Though both kinds of silver cations are four-coordinate, the silver cations in the Ag 2 P 4 moieties are coordinated by three P atoms and one N atom, while the remaining Ag I ions are conversely surrounded by three N atoms and one P atom. All P 2 ligand complexes 2 in polymer 5b reveal a bridging coordination mode. The topology of the 3D architecture is primitive cubic (pcu) 4b as in the α-Po structure. The size of the channels in the framework is ∼28.4 Å × 35.0 Å, 22 and they are filled with the bulky aluminate anions. Interestingly, 3 and 5b form different networks with the same stoichiometry (1:1:1) of Ag + , the P 2 ligand complex 2, and the dpe spacers. The syntheses of these products differ by the reaction conditions. For the construction of 3, the double stoichiometric amount of ligands 2 and dpe was used, while for the synthesis of 5b, 1 equiv of silver(I) salt 1 and the P 2 ligand complex 2 and 1.5 equiv of dpe were provided. During the reaction, CH 2 Cl 2 and benzene were used in the synthesis of polymer 3, whereas in the other case, toluene was used as an aromatic solvent in addition to dichloromethane. Furthermore, polymer 5b is not exclusively formed, and 5a was sometimes detected, as well. This result clearly shows that the presented reactions are very sensitive to the reaction conditions as the possibilities for the arrangement of the three starting materials in one compound are versatile. This was also demonstrated in Scheme 1 showing only a small number of potential organometallic building blocks constructed by M I salts (M = Cu or Ag) and the P 2 ligand complex 2.
In all the polymeric compounds 3−5, weak interactions between the fluorine atoms of the CF 3 groups of the anions and the protons of the organic ligands dpe and/or the Cp units of 2 are present. In the layered compounds 3, 4, and 5a, the single layers (3 and 5a) and the interwoven pairs of layers (4) are well-separated by the large aluminate anions.
The solubility of all the polymeric compounds 3, 4, and 5a,b in polar solvents like CH 2 Cl 2 and CH 3 CN is extremely low. Only for polymers 3 and 4 was it possible to perform a complete NMR spectroscopic characterization ( 1 H, 13 11a At least a partial depolymerization of the structures in solution is very likely and is in agreement with the features in the 31 P{ 1 H} NMR spectra. The base peak in the ESI mass spectra of 3 as well as 4 can be assigned to the fragment [Ag{2}] + . So far, the new hybrid polymers 5a and 5b could not be synthesized separately. Besides the formation of the crystalline compounds 5a and 5b, a large amount of amorphous material is formed. Because of the low but very similar solubility of crystalline compounds 5a and 5b, only a mechanical separation in the glovebox was conducted. The formed amorphous material in the syntheses of 5a and 5b was characterized by NMR and IR spectroscopy even if it is almost insoluble in all common solvents. The 1 H NMR spectrum recorded in CD 3 CN reveals all expected signals for the linker dpe. The 31 P{ 1 H}NMR spectrum shows no signal. In the cationic mode of the ESI mass spectrum, only fragments that do not contain the P 2 ligand complex 2 can be assigned. Most probably, the noncrystalline powder represents coordination polymers of silver(I) and the dpe ligand and is free from the P 2 ligand complex 2, which was additionally proven by the absence of CO bands in the IR spectrum of this solid.
■ CONCLUSIONS
In conclusion, we succeeded in synthesizing four novel organometallic−organic hybrid polymers 3, 4, 5a, and 5b from the reaction of the monovalent silver salt Ag[Al{OC-(CF 3 ) 3 } 4 ] (1) and the organometallic P 2 ligand complex [Cp 2 Mo 2 (CO) 4 (η 2 -P 2 )] (2) in the presence of the organic bipyridyl ligand dpe. In the 2D network of 3, a coordination pattern of the Ag I -containing node was found, which is similar to a motif found previously in a copper-based 2D polymer. 10 However, in all other aggregates 4, 5a, and 5b, unprecedented organometallic building blocks showing novel structural topologies in the resulting hybrid networks were found. With the 2D aggregate 4, a unique interpenetrated hybrid compound was obtained on the basis of the smallest known organometallic node. Finally, besides another novel 2D polymeric network of 5a, the synthesis of the first-ever three-dimensional organometallic−organic hybrid polymer 5b was successful, the structure of which is based on an organometallic node containing even four silver cations. All compounds were characterized by single-crystal X-ray structural analysis. Hence, the use of the P 2 ligand complexes in the formation of hybrid polymers leads to new bonding features of the resulting porous coordination networks. Thus, a large number of architectures with different topologies based on diverse coordinated organometallic nodes self-assembled by the same starting materials are accessible. Recent experiments in this field focus on the selective and controlled synthesis and the use of different ligands and counteranions forming neutral aggregates with the possibility of tuning the size of the pores to establish the novel organometallic−organic hybrid materials in addition to the already established class of MOF materials.
■ EXPERIMENTAL SECTION
Details of Synthesis. General Remarks. All experiments were performed under an atmosphere of dry nitrogen or argon using Schlenk and glovebox techniques. Solvents were freshly distilled under nitrogen from Na/K alloy (n-pentane), from Na (benzene/toluene), or from CaH 2 (CH 2 Cl 2 ). IR spectra were recorded on a Varian FTS-800 spectrometer. For ESI-MS measurements, a Finnigan Thermoquest TSQ 7000 mass spectrometer was used.
1 H, 13 C, 31 P, and 19 F NMR spectra were recorded at room temperature on a Bruker Avance 300 or Avance 400 spectrometer. 1 H, 13 C, 31 P, and 19 F NMR chemical shifts are reported in parts per million relative to external standards Me 4 Si, H 3 PO 4 (85%), and CFCl 3 . NMR labeling of the dpe (3) is used as shown below (Scheme 3).
Reagents. trans-1,2-Di(pyridine-4-yl)ethene (dpe) was purchased from Sigma-Aldrich and used as received. Mo 2 (CO) 4 P 2 ] (2; 30 mg, 0.06 mmol) and dpe (11 mg, 0.06 mmol) in CH 2 Cl 2 (10 mL) were stirred for 3.5 h at ambient temperature in the dark (to avoid Ag formation). Afterward, the mixture was filtered and washed with 2 mL of CH 2 Cl 2 , and pure benzene (∼6 mL) was layered above the obtained red solution. In 1 week, single crystals of 3·0.075CH 2 Cl 2 ·1.425C 6 H 6 suitable for singlecrystal X-ray structural analysis formed. These crystals were isolated by filtration, washed with n-pentane (2 × 2 mL), and dried in vacuum. Yield: 12 mg (46% 
